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Abstract: Blends of starch and a biodegradable polyester, produced by an extrusion process which 
included a cross-linker/compatibilizer (maleic anhydride) and an initiator (dicumyl peroxide), were 
studied by infrared (IR) microspectroscopy using an attenuated total reflectance (ATR) objective. 
Extruded material, which had a diameter of about 3 mm, was sectioned and embedded in epoxy resin 
prior to IR analysis. Spectra were collected in a grid pattern across the sectioned face of the sample. 
Measurement of various band parameters from the spectra allowed IR maps to be constructed 
containing semi-quantitative information about the distribution of blend components. These maps 
showed the quality of the blend on a microscopic scale and showed how it varied with different 
concentrations of compatibilizer and initiator. 
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1. Introduction 
In recent years there has been much interest in the development of biodegradable 
plastics in order to reduce the amount of long-lived petroleum-derived plastics in 
community waste. One approach to the synthesis of biodegradable plastics is to utilize 
the naturally occurring biodegradable polymer, starch. However, starch alone 
typically has very poor properties for direct application and therefore is often blended 
with a high performance synthetic polymer such as a polyester [1,2]. As starch is a 
highly polar material it is likely to be immiscible with typical hydrophobic synthetic 
polymers. This problem may be alleviated to some extent by grafting a compatibilizer 
molecule, such as maleic anhydride (MAH), onto the synthetic polymer. This process 
adds polar groups to the synthetic polymer, aiding miscibility, and also may form 
direct cross-links between the synthetic polymer and the starch chains [3]. An initiator 
such as dicumyl peroxide is necessary to initiate the grafting reaction between the 
MAH and the synthetic polymer. In modern polymer processing the whole process 
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described above may be carried out via “reactive extrusion” by passing all the 
components together through a suitable extruder for an appropriate residence time at 
an appropriate temperature profile [4-6]. In the extruder both thorough mixing of the 
components, as well as the compatibilizer/cross-linking reaction involving the MAH 
occurs. The final product then exits from the extruder die in a form immediately 
suitable for further applications. There is a significant gain in efficiency to combine 
the three processes of mixing, graft reaction and extrusion into a continuous process 
involving one piece of equipment.  
 
The quality of the extruded material and its suitability for particular applications may 
be assessed by various means such as mechanical testing. Dynamic mechanical 
analysis will also give useful information about the quality of the blend. The 
information given by these and similar tests is essentially macroscopic in nature. To 
assess the blended material at the microscopic level both optical and electron 
microscopy have been used. However, these do not give molecular structural 
information and may not distinguish points which are chemically different. An 
alternative approach is to use vibrational microspectroscopy which is capable of 
distinguishing different chemical environments. Both Raman [7,8] and IR 
microspectroscopy [9-11] have been used to map differences on polymer surfaces. 
Raman microscopy has by far the better spatial resolution, generally around 1 μm2, 
but often suffers from a fluorescence background which can swamp the Raman signal. 
IR microspectroscopy has a realistic spatial resolution of around 20 μm x 20 μm, 
governed by diffraction and signal-to-noise issues. For extruded materials the cross-
sectional area is sufficiently large that the spatial resolution of IR microspectroscopy 
is quite appropriate while that of Raman microspectroscopy is too small. 
 
IR microspectroscopy has the disadvantage that sample preparation is often required 
in that transmission measurements must be made through thin sections (~20 μm). 
Reflection measurements are possible but may lead to distorted spectra depending on 
whether the reflection regime is specular or diffuse or, as is often the case, a mixture 
of both. These problems can be overcome by the use of an attenuated total reflection 
(ATR) objective. In this case the surface needs to be flat, but a thin section is not 
required. The objective incorporates a small crystal (the internal reflection element) 
which is brought into contact with the surface in order to collect the spectrum. In 
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recent years ATR microspectroscopy has been applied to such materials as coal [12], 
rubber museum artefacts [13], and filled rubbers [14]. 
 
In this paper we describe the application of microscopic ATR spectroscopy to assess 
directly the quality of extruded blends by measuring the blend composition at 
reasonable spatial resolution at a number of cross-sections of the material. The quality 
of the blend is visualised by the use of IR images. While IR imaging has been used 
before to characterise an extruded product [8], particularly with respect to variation of 
crystallinity, it has not previously been reported for the assessment of blend quality. 
 
2. Experimental 
2.1 Materials 
The polymer blends used in this investigation are polyester-starch blends produced by 
two stage extrusion in a laboratory scale PRISM  corotating twin-screw extruder with 
length to diameter ratio 40:1 and screw diameter 16 mm (Thermo Electron 
Corporation). Four different samples of blended polyester-starch were prepared by the 
Centre of High Performance Polymers, Division of Chemical Engineering, University 
of Queensland. The polyester was Enpol™ (G4460 film blowing grade) which is a 
fully biodegradable aliphatic polyester resin (IRe Chemical Ltd., Seoul, Korea). The 
starch was obtained from Penford Australia Ltd. In these samples, DCP and MAH 
were used as initiator and compatibilizer/crosslinker, respectively. Each sample 
consisted of 20-30 extruded rods about 20 - 25 cm in length and 2.5 - 3 mm in 
diameter. In all samples, the composition ratio of starch to polyester was maintained 
at 40:60 (wt%). However, the amounts of DCP and MAH were varied as shown in 
Table 1.  
 
2.2 Sample Preparation 
Prior to examination by Micro-ATR/FT-IR, a sample about 3cm long was cut from 
the extruded material with a sharp knife. This sample was embedded in epoxy resin 
(Araldite M, B/No AM 40044600 with hardener LC956, B/No AM 4002080. 
Composition ratio 5:1 vol%) so that one circular section was exposed. The resin was 
cured overnight at 60oC and the sectioned face polished with P600 sandpaper. For 
each sample 10 sections, selected randomly, were investigated.  
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2.3 Micro-ATR/FT-IR spectroscopy 
IR spectra were collected using a Nicolet 870 Nexus Fourier transform infrared 
(FTIR) system including a ContinμumTM IR microscope equipped with a liquid-
nitrogen-cooled MCT detector, and an ATR objective incorporating a Si internal 
reflection element (Nicolet Instrument Corp. Madison, WI). Control of the instrument, 
data collection and mapping was effected with the OMNIC and Atlμs software 
packages (Nicolet Instrument Corp., Madison, WI). The contact area with the sample 
was circular with an approximate diameter of 100 μm. The area of the sample to be 
measured was selected visually and the stage was raised until contact was made 
between the surface of the sample and the ATR crystal. Reproducible contact was 
achieved by the use of an electronic sensor plate, incorporating a weight cell, attached 
to the microscope stage. Background spectra were obtained through the ATR element 
when it was not in contact with the sample. The background spectrum was renewed 
after every 5 sample spectra. Spectra were manipulated and plotted with the use of the 
GRAMS/32 software package (Galactic Corp., Salem, NH).  
 
To measure maps, spectra were collected in a square grid pattern covering the 
sectioned face of the sample. The aperture was set at 150 μm x 150 μm, with a step 
size of 150 μm, so that for typical samples 20 x 20 spectra were required. Spectral 
collection was under computer control so that initially the microscope stage was 
moved downwards, moving the sample away from the objective. The stage was then 
driven in the XY plane to the next measurement position and the sample then brought 
into contact with the ATR crystal using the electronic pressure sensor to determine a 
reproducible contact pressure. Spectra were collected in the spectral range 4000 to 
700 cm-1, using 32 scans and 8 cm-1 resolution. The measurement time for each 
spectrum was about 30 s, and a complete map typically took 2 – 3 h. 
 
2.4 Construction of images 
For each spectrum the ratio of the peak areas, using local baselines, of the O-H 
stretching band (3680 - 3030 cm-1) to that of the C=O stretching band (1770 - 
1670cm-1) was determined. These bands correspond to the starch and polyester 
components, respectively. Images were generated from these data using the Atlμs 
software package (Thermo-Nicolet, Madison, WI).  
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3. Results and discussion 
3.1. ATR Spectra 
The two components of the polymer blends, starch and polyester, have very different 
IR spectra. The most obvious distinguishing features are that the starch spectrum 
contains an intense broad O-H stretching absorption around 3500 cm-1, while the 
polyester has an intense sharp band at 1730 cm-1 assigned to the ester carbonyl 
stretching vibration. Pure samples of the blend components were not available to us, 
but the spectral differences can be clearly seen in Figure 1 which shows blend spectra 
from a high starch point and from a high polyester point.  
 
Micro-ATR spectra were collected in a grid pattern across the whole of sectioned 
polished faces of the samples. Using an aperture of 150 μm x 150 μm about 400 
spectra were collected for each section which was circular in shape with a diameter of 
around 3 mm. For each spectrum the ratio of the area of the O-H band (attributable to 
starch) to the C=O band (attributable to polyester) was calculated. For each of the 
samples a number of sections, ranging from 7 to 10 and chosen randomly, were 
studied. The results of the area ratio calculation for all sections are shown in Table 2 
(A-D). In all, 36 sections were studied and approximately 14,000 spectra were 
collected. As mentioned above pure blend components were not available so spectra 
of pure starch and polyester could not be measured. However, even if pure materials 
had been available the measurement of useful spectra would have been difficult due to 
the nature of the ATR experiment. For ATR the intensity of the spectrum depends on 
the degree of contact of the crystal with the sample, as well as the density of the 
sample in the measurement region. As the starch was a powdery material, the 
intensities of the ATR spectral bands would not have been closely related to the 
intensities of the ATR spectra of the hard plastic extruded blends. 
 
In the absence of useful spectra of the component polymers, we took the mean area 
ratio (O-H/C=O) for all our spectra to be a reasonable representation of the true blend 
proportions (40 wt% starch, 60 wt% polyester). The value of this mean was 4.1. 
Hence, for any point in the sample where the value of the band area ratio is greater 
than the mean there is likely to be an excess of starch, and similarly where the value is 
lower than 4.1 there is an excess of polyester. Examination of Table 2 shows that 
samples 1 and 3 are reasonably consistent since the value of the band area ratio 
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remains within relatively small ranges. However, sample 3 does appear to show a 
slight excess of polyester. Samples 2 and 4 are more variable with sections that show 
large excesses of one of the components thus demonstrating that the blending/mixing 
has not been as consistent. The more consistent samples (1 and 3) both have MAH 
contents of 1 wt%, whereas the less consistent samples (2 and 4) have MAH contents 
of 0.5 wt% and 1.5 wt%, respectively. As only 4 samples were studied it is not 
possible to say from these data if this correlation with MAH content is significant.  
 
3.2 IR Images 
The mean value of the band area ratio for each section does not give any information 
about the distribution of the components within that section. This is best examined by 
constructing IR images for each section where a different colour is assigned to each 
range of the area ratio value. Examples of these images are shown in Figure 2 (A-H). 
Pixels showing spectra of the epoxy embedding material surrounding the sample were 
removed from the image. Occasionally, an indentation (hole) was found which 
produced either no spectrum or a distorted spectrum. These areas are shown in white 
within the coloured image.  
 
Examination of the images shows clearly not only the quality of the blend at each 
section, but also the distribution of the components. For example, Images A, F and G 
show that there is an excess of starch at these sections. However, Image F also shows 
that there has been poor mixing because the excess starch is found on one side of the 
section, whereas for Image A the starch is well distributed across the section. Image G 
shows a different distribution of the excess starch in that it is concentrated towards the 
centre of the section. Image J also shows excess starch, but although it is not well 
distributed there is no obvious pattern to the distribution.  
 
Images D, E and I show sections where the polyester dominates although all show 
smaller regions of high starch as well. Images B and C indicate sections where there is 
good blending because the amounts of the components is as expected, and the 
distribution is reasonably consistent across the whole section. 
 
The images therefore give a measure of the component distribution at every point 
(150 μm x 150 μm) on the sectioned face. Despite the fact that it is only possible to 
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measure a relatively small number of sections of the whole extruded material, this 
would nevertheless still contribute useful information with which to judge both the 
efficacy of the compatibilization reactions and the performance of the extruder. 
 
 
4. Conclusions 
 
IR microspectroscopy has been shown to be a useful technique for the study of 
extruded starch/polyester blends as these components have significantly different 
spectra. The micro-ATR technique allows good quality spectra to be collected from 
sectioned faces of the extruded material. IR images constructed by taking the area 
ratio of the O-H stretching absorption to the C=O stretching absorption for each 
spectrum clearly show both the proportion of each component and the distribution of 
those components across the section. At the microscopic scale of the IR 
measurements these samples, obtained from a laboratory scale extruder, showed many 
sections where the components were not well mixed or well distributed across the 
section. 
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Figure Captions 
 
1. Example ATR-FTIR spectra of the extruded material. A: A high starch point 
of the sample; B: A high polyester point of the sample. 
2. Examples of infrared images from various sections of the extruded material. 
The colours show different ranges of the infrared band area ratio for the O-
H/C=O stretching bands, as shown in the scale. Blue indicates high starch, 
while red indicates high polyester. White areas indicate a defect (hole) in the 
sample. 
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Table 1: Composition ratio of materials in blends (parts by weight) 
 
 
 
Number of 
sample 
Starch 
(part) 
Polyester 
(part) 
MAH 
(part) 
DCP 
(part) 
1 40 60 1 1.2 
2 40 60 0.5 0.8 
3 40 60 1 0.8 
4 40 60 1.5 0.5 
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Table 2: Infrared band area ratios for OH/C=O stretching bands for randomly selected 
sections of the four samples of extruded material. 
 
 
 
 Samples 
Mean Area 
ratio for each 
section 
1 2 3 4 
1 3.375 3.957 3.378 3.335 
2 4.490 5.251 3.333 3.469 
3 3.302 3.756 3.834 3.591 
4 4.031 4.864 3.461 5.017 
5 3.339 4.476 4.120 3.919 
6 4.804 4.979 4.007 6.113 
7 3.752 6.853 3.235 4.097 
8 4.172 3.424 3.231 4.215 
9 4.941 3.143 3.802 2.813 
10 4.658 …… 3.448 7.942 
Mean area ratio 
for sample 
4.086 4.523 3.585 4.4511 
